Introduction
While T cells are at the biological forefront of diseases across many disciplines, such as autoimmunity (1) (2) (3) , infectious disease (4, 5) , inherited and acquired immunodeficiency (6) , malignancy (7, 8) , and transplantation, their in vivo behavior, encompassing generation of new cells, cell survival, and trafficking, is difficult to measure and interpret. Further complexity arises from subsets of T cells differing by phenotype and function. Allogeneic hematopoietic stem cell transplantation (AHSCT) is a treatment strategy widely used to cure malignant and nonmalignant diseases, for example leukemias; hemoglobinopathies, such as sickle cell disease; and inherited immunodeficiencies, such as chronic granulomatous disease. Chronic graft-versus-host disease (cGVHD) is a morbid, prevalent, and refractory AHSCT barrier (9) (10) (11) , characterized by systemic immune dysregulation driven by alloreactive donor T cells. Tregs play a critical role in cGVHD, with a number of animal and clinical studies demonstrating their potential to prevent and treat this disease (12) (13) (14) (15) . The origin of the imbalance between regulatory and alloreactive T cells in cGVHD is not well understood, and we hypothesized that it was driven by differential in vivo kinetics of CD4 + T cell subsets. Deuterium labeling via water or glucose for measuring cell kinetics has been used for over a decade, albeit primarily in humans. It provides an alternative to other nucleoside analogs, such as BrdU and tritiated thymidine ( 3 HTdR), that are not applicable to clinical studies due to toxicity and which incorporate into the DNA of dividing cells via the salvage pathway of nucleotide synthesis that is variable and differs by cell type (16) . Indeed, T cell subsets also differ in their dependence on this pathway based on their stage of maturation, naive versus memory (17) . In contrast, deuterium incorporates into cellular DNA through the constitutive de novo nucleotide synthesis pathway, which is not subject to regulation (16) . Since stable isotopes are not radioactive, deuterium labeling lends itself to clinical translation with relatively small Hematopoietic stem cell transplantation (HSCT) offers a cure for cancers that are refractory to chemotherapy and radiation. Most HSCT recipients develop chronic graft-versus-host disease (cGVHD), a systemic alloimmune attack on host organs. Diagnosis is based on clinical signs and symptoms, as biopsies are risky. T cells are central to the biology of cGVHD. We found that a low Treg/CD4 + T effector memory (Tem) ratio in circulation, lymphoid, and target organs identified early and established mouse cGVHD. Using deuterated water labeling to measure multicompartment in vivo kinetics of these subsets, we show robust Tem and Treg proliferation in lymphoid and target organs, while Tregs undergo apoptosis in target organs. Since deuterium enrichment into DNA serves as a proxy for cell proliferation, we developed a whole-body clinically relevant deuterium MRI approach to nonradioactively detect cGVHD and potentially allow imaging of other diseases characterized by rapidly proliferating cells.
amounts of deuterium enrichment (5% [v/v] ) in total body water (TBW) required for kinetics measurements. Pioneering in vivo kinetics studies were conducted in patients with HIV (18, 19) , which measured CD4 + and CD8 + T cell kinetics, and then in many other cell types and conditions (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . To date, studies involving stable water isotopes measured T cell kinetics in circulation, a dynamic cellular compartment, while systemic cell half-lives were mathematically estimated. The logistical complication of extracting cells from organs and tissues in patients precluded consistent measurement of systemic cellular dynamics, but egress from circulation and migration into tissue is key to T cell function. These limitations are abrogated in small animal studies because cells of interest can be extracted from various organs. However, to our knowledge, no previous studies have reported using deuterium labeling to measure kinetics of T cell subsets in multiple compartments in small animal studies. We elucidated in vivo T cell subset kinetics in lymphoid and target organs in a preclinical model of cGVHD, which indeed played a role in the immune-dysregulation characteristic of cGVHD.
Once we identified which T cell subset predominated in the target organs (Tem) and quantified its deuterium enrichment, we then developed the deuterium MRI (dMRI) technique for detecting cGVHD in the preclinical model. To date, a major challenge in the HSCT field has been the lack of noninvasive diagnostic tools for cGVHD, which makes initial diagnosis and continued monitoring of cGVHD severity (e.g., over the course of a clinical trial) cumbersome and relatively subjective (31, 32) . We hypothesized and demonstrate that in vivo deuterium labeling, which results in high deuterium enrichment within rapidly proliferating T cells (Tem subset) following AHSCT, together with their preferential distribution to target organs, facilitate noninvasive and nonradioactive imaging of cGVHD.
Results

CD4
+ T cell immune reconstitution in cGVHD is skewed toward distribution to target rather than lymphoid organs, with a predominance of the Tem phenotype. We employed an established minor histocompatibility antigen-mismatch cGVHD mouse model of 10.D2 (H2 (33) (34) (35) (36) , where recipient mice underwent sublethal irradiation to facilitate myeolablative conditioning. This preclinical model mirrors matched unrelated donor HSCT in patients because minor antigen mismatch between donor and host induces clinical GVHD (33, 35, 37) . In the model, onset of GVHD is rapid, which differs from patients in whom manifestations are temporally separate from graft infusion and acute GVHD; however, the spectrum of clinical manifestations seen in clinical practice is well recapitulated (e.g., sclerotic dermal involvement, which is pathognomonic for cGVHD in humans; refs. 31-33, 35, 37) . The major target organs affected by cGVHD in this preclinical model are skin, small and large intestines, and liver ( Figure 1A) . Early experiments in which congenic donor-host pairings were used (graft: Thy1.2 Ly9.2 T cell-depleted BM + Thy1.1 Ly9.2 T cells into Thy1.2 Ly9.1 hosts) showed lymphoid organs and liver T cell chimerism to be that of donor-derived peripheral (allogeneic donor spleen) phenotype.
Allogeneic graft recipients consistently developed cGVHD by posttransplant day +28, while at day +14, the animals appeared clinically normal (36) (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92851DS1). However, lymphoid atrophy and low absolute CD4 + T cell numbers in the thymi and lymph nodes were observed in allogeneic recipients at day +14 and persisted through day +28. In addition, thymi of allogeneic recipients contained a mature (CD44 high ) CD4 + T cell infiltrate with a marked reduction in T cell precursors (Supplemental Figure 2) . At day +14, splenomegaly was seen in allogeneic recipients. It was characterized by mild extramedullary hematopoiesis and a high number of CD4 + T cells, primarily of the Tem (CD4 Figure 3, A and B) . Following initial size increase, the spleen underwent atrophy with a near absence of CD4 + T cells in the spleen at day +28 (Supplemental Figure 3A) . The target organs affected by cGVHD (e.g., integument, small intestine, and liver) were characterized by lymphocytic infiltrates (Supplemental Figure 3C and Supplemental Figure 4 , A-J). Liver parenchyma of allogeneic recipients contained approximately a log higher absolute number of CD4 + T cells by day +14 compared with the syngeneic counterparts (Supplemental Figure 3C ). Similar to other target organs affected by cGVHD, the predominant CD4 + T cell subset was Tem, and a decreased Treg (CD4 + FoxP3 + CD25 + )/ Tem ratio was observed (Supplemental Figure 3D) . Dermal parenchyma sections of the allogeneic cohort had higher CD4 + absolute counts than syngeneic counterparts (Supplemental Figure 5 , A and B). Furthermore, Tem phenotype predominated in the dermal CD4 + T cell pool in the allogeneic setting both at day +14 and day +28 (Supplemental Figure 5, C and D) . In the small intestine, CD4 + T cell number was Figure 1 . CD4 + T cell pool size, composition, and distribution for normal mice and syngeneic (syn) and allogeneic (allo) hematopoietic stem cell transplant recipients. CD4 + T cell numbers extracted from spleen, parenchymal liver, small intestine, flank skin, and blood were combined. (A) Graphic representation of the predominant CD4 + T cell subset distribution in syngeneic and allogeneic recipients at day +28. In the syngeneic setting, CD4 + T cells primarily found in lymphoid organs and of Tn phenotype. In the allogeneic setting, CD4 + T cells were primarily in target tissues (skin, liver, gut) and of Tem phenotype. (B) The mean total Tn cell number within the graft, normal mice, and syngeneic and allogeneic recipients at day +14 and +28. (C) The mean total Tem and Treg numbers within the graft, normal mice, and syngeneic and allogeneic recipients at day +14 and +28. (D) Treg/Tem ratio was > 1 in the graft, syngeneic recipients, and normal mice, while it was < 1 in cGVHD setting. (E) Treg/CD4 + TCON ratio vs. Treg/CD4 + Tem ratio for normal mice, and syngeneic and allogeneic recipients at day +28 in blood. Data are representative of more than 3 independent experiments. For panels B-E, n = 10; **P < 0.01, ***P < 0.001; Tukey's test with 2-way ANOVA.
increased in the lamina propria (LP) and intraepithelial (IE) compartment of allogeneic compared with syngeneic recipients (Supplemental Figure 6 , A, B, D, E). Furthermore, the Tem proportion and total number were significantly higher in allogeneic LP than syngeneic and normal LP by day +28, and in the IE compartment at both time points (Supplemental Figure 6, C, F, G) .
Overall, CD4 + T cell immune reconstitution in the syngeneic transplant setting mirrored distribution and composition of T cells in normal mice, e.g., lymphoid organs ( Figure 1A) . The predominant phenotype for CD4 + T cells in normal mice and syngeneic recipients was naive (T N , FoxP3 -CD44 low CCR7 + ) ( Figure 1, A and B) . In the syngeneic cohort, few CD4 + T cells were found outside of the lymphoid tissues. In contrast, lymphoid organs in the allogeneic setting underwent atrophy, with few CD4 + T cells present in these anatomic locations. Additionally, in the allogeneic cohort, CD4 + T cells were primarily localized to the target tissues, such as the integument, gastrointestinal tract, and liver and were mostly of the Tem phenotype ( Figure 1, A and C) . This resulted in a very low (<<1) target organ, systemic, and peripheral blood Treg/Tem ratio in the allogeneic setting (Figure 1, D and E) . In contrast, the Treg/Tem ratio was significantly higher (>1) in the syngeneic and normal cohorts in all the same sites ( Figure 1, D Figure 2, A and B) . Then, we extracted T cell subsets from each organ at the conclusion of each sequential labeling period. Cellular DNA was purified and enzymatically digested to nucleosides. Subsequently, we compared the deuterium enriched fraction of deoxyadenosine (dA [M+1]) to unenriched dA, which allowed calculation of the fraction of new Tregs generated during each labeling period (38) . Deuterium enrichment in all 4 DNA nucleosides: dA, deoxythymidine (dT), deoxycytosine (dC), or deoxyguanine (dG), can be measured; however, we selected a single nucleoside to allow high throughput analysis, and dA was chosen because DNA of rodents and humans has a higher dA-dT content than dG-dC (39, 40) , allowing superior sensitivity of detection when evaluating a small number of cells, as low as 10,000 per analysis (38) . As previously shown, 2 H 2 O in TBW incorporates into DNA nucleosides through the de novo nucleotide synthesis pathway (16) . When TBW enrichment of 5% (v/v) is maintained for at least a week, the dA of highly proliferative cells will enrich to ~20% dA (M+1) (Figure 2 , C and D). In our studies, the labeling periods were selected to cover biologically relevant time points in the model ( Figure 2B and Supplemental Figure 1A ), day +7 to +14, +14 to +21, +21 to +28, and +28 to +35, with measurements obtained on day +14, +21, +28, and +35 ( Figure 2B ). Similarly, delabeling studies were conducted by labeling to 5% (v/v) TBW during day +7 to +14, obtaining dA (M+1) measurement at day +14, and then discontinuing the labeling and measuring dA (M+1) on days +21, +28, and +35 ( Figure 2B ).
Tregs extracted from the spleen and liver parenchyma showed high rates of label gain for allogeneic and syngeneic cohorts ( Figure 3 , A and B). Furthermore, in the allogeneic setting, Tregs experienced label gain rates similar to those of Tem cells ( Figure 3 , C and D). While both subsets had similarly high rates of label gain in lymphoid and target organs, this did not result in an increased systemic Treg cell number in allogeneic mice, while the Tem cells were abundant ( Figure 1C ). This difference in absolute numbers despite similar label gain kinetics could be driven by differential cell loss kinetics. Indeed, our kinetics data show that Treg cell loss from the liver exceeds that of the Tem subset ( Figure 4A ). Moreover, a key difference between the allogeneic liver Treg and Tem subsets was the presence of Caspase 3 staining ( Figure 4B ), which indicated greater propensity for apoptosis. When first-order elimination kinetics were applied to the observed label loss rates, Treg subset half-life in liver was estimated to be roughly half of the Tem half-life. Increased loss of Tregs in the target tissues may explain why Tregs as a subset did not expand following HSCT in the allogeneic recipients, despite their high rates of label gain. Tregs were not observed in target organs nor circulation in an appreciable number throughout the course of allogeneic immune reconstitution, while Tem cells were circulating and predominated in the target organs ( Figure 1 , A and C, and Figure 4 , C and D).
In vivo Tem kinetics indicate marked expansion in lymphoid and target organs and suggest trafficking to target organs. In allogeneic recipients, the total number of Tem cells in all evaluated tissues combined, e.g., spleen, liver, small intestine, skin, peripheral blood, and lymph nodes, approached 4 million by day +14, while only 0.06 million were contained in the graft ( Figure 1C ). This represents more than a 60-fold expansion of this compartment. In comparison, in syngeneic recipients, the Tem compartment expanded 2 H 2 O levels achieved in total body water (TBW) in normal mice and syngeneic and allogeneic HSCT recipients following 14 and 21 days of 2 H 2 O labeling prior to dMRI imaging at day +14 and +28 after HSCT, respectively. Data for 9 independent experiments were pooled (n = 8 mice for normal, n = 15 mice for syngeneic cohort, n = 19 mice for allogeneic cohort). (D) Deuterium enrichment in deoxyadenosine (dA) measured as dA (M+1) via GC-MS/MS for liver CD4 + Tem subset in the 3 cohorts at day +14 (n = 3 for each cohort). For panels C and D, *P < 0.05, ***P < 0.001; Tukey's test with 2-way ANOVA.
subset was slower than that of Tregs ( Figure 4A ), while spleen Tem cells appeared to undergo rapid label loss ( Figure 5C ). The mechanism for Tem subset label and absolute number loss from the spleen may be trafficking. This was supported by the measurement of a high number of Tem cells in circulation of allogeneic recipients at day +14 ( Figure 4D ). Tem in vivo cell kinetics showed: i) high label gain in lymphoid and target organs; ii) rapid loss from the lymphoid organ concurrent with a high circulating number; iii) target organ infiltration; and iv) no increased propensity for apoptosis. Robust expansion of the Tem subset in the allogeneic setting, both in absolute number and with regard to prominent label gain, contributed to the extremely low (<<1) Treg/CD4 + Tem ratio in circulation, lymphoid, and target organs, early in cGVHD pathogenesis (day +14) and in fully expressed cGVHD (day +28).
Deuterated water labeling followed by in vivo dMRI distinguishes mice with cGVHD from controls. Our measurements of high deuterium ( 2 H) enrichment in dA of liver-infiltrating Tem cells ( Figure 2D ) and the high number of this cell type within target organs of cGVHD-affected mice ( Figure 1A ) prompted us to hypothesize that measuring in vivo 2 H signal in target organs could allow us to distinguish cGVHD-affected mice from syngeneic controls. Given the difference in 2 H levels between TBW enrichment of 5% (v/v) achieved for kinetics studies and the resultant higher enrichment (~15%-20%) in the DNA of liv- pooled for day +7 to +14 analysis, and 3 independent experiments for day +21 to +28 analysis. (B) Percentage of new Tregs in the liver for each cohort measured at day +14 and +28, following 7 days of labeling. Data for 3 independent experiments were pooled for day +7 to +14 analysis and 2 independent experiments for day +21 to +28 analysis. (C) Percentage of new Treg and Tem cells in the allogeneic spleen measured at day +14 and +28, following 7 days of labeling. Data for 5 independent experiments pooled for the day +7 to +14 analysis, and 3 independent experiments for day +21 to +28 analysis. (D) Percentage of new Treg and Tem cells in the allogeneic liver measured at day +14 and +28, following 7 days of labeling. Data for 3 independent experiments pooled for day +7 to +14 analysis, and 2 independent experiments for day +21 to +28 analysis. For panels A and C, n = 2-7 mice; for panels B and D, n = 5-8 mice; **P < 0.01; Tukey's test with 2-way ANOVA.
Downloaded from http://insight.jci.org on December 11, 2017. https://doi.org/10.1172/jci.insight.92851 Figure 7, A-D) . Thus, we developed, to our knowledge, a novel MRI-based imaging modality, dMRI. As predicted, the detected 2 H signal within livers of cGVHD-affected mice was significantly greater than that measured in syngeneic controls at day +28, following 21 days of 2 H 2 O labeling to TBW of 5% (v/v) ( Figure 6, A-D, and G) . For mouse imaging, each subject was imaged with an attached phantom containing 5% 2 H 2 O in H 2 O (v/v), which served an internal experimental cohort measured at day +14 and +28, following 7 days of labeling for each time point. Data for 5 independent experiments were pooled for the day +7 to +14 analysis (each independent experiment represents a pooled sample from n = 2-7 mice), and 3 independent experiments for day +21 to +28 analysis. (B) Percentage of new Tem cells in the liver for each experimental cohort measured at day +14 and +28, following 7 days of labeling for each time point. Data for 3 independent experiments were pooled for the day +7 to +14 analysis (each independent experiment represents a pooled sample from n = 5-8 mice), and 2 independent experiments for day +21 to +28 analysis. (C) Label loss kinetics for Tem cells from spleens of allogeneic versus syngeneic recipients. Data are representative of 2 independent experiments (each independent experiment represents a pooled sample from n = 2-7 mice). Data are representative of 4 independent experiments (n = 2-6 mice per experiment per cohort). For panels A and B, *P < 0.05, **P < 0.01; Tukey's test with 2-way ANOVA.
reference and normalization parameter. The 2 H signal from each organ was compared with the reference and was reported as normalized deuterium signal (nDS).
1 H (proton) signal was used for anatomical imaging (traditional MRI), and the 2 H signal was overlaid on the reference image, allowing us to report on the 2 H signal corresponding to the organ, e.g., liver, small bowel, etc. (Figure 6, A-D) . Subsequent experiments showed that significant differences between allogeneic and syngeneic liver nDS were also detected at day +14, following 14 days of labeling to 5% (v/v) 2 H 2 O in TBW, albeit at lower nDS values than those measured at day +28, which followed a longer labeling period (21 days; Figure 6E ). At day +14, allogeneic mice had no clinical symptoms of cGVHD and were well-appearing ( Supplemental Figure 1A) . Thus, dMRI allowed noninvasive in vivo imaging of cGVHD in target organs ahead of animals becoming ill-appearing. Furthermore, no difference in 2 H signal was observed within a tissue not targeted by cGVHD in our mouse model, such as the quadriceps muscle group, between syngeneic and allogeneic cohorts at both time points (Figure 6, F and H) .
Discussion
cGVHD is a major barrier to successful HSCT, with high prevalence, morbidity, and mortality (10, 11) . To date, clinical diagnosis and monitoring of cGVHD progression or response to therapy have been challenging (31, 32) , with no clinically validated biomarker; the ability to obtain biopsies of affected organs has been limited by accessibility and morbidity concerns, particularly for pediatric patients and for certain sites, such as the liver, regardless of age. To address this clinical need, we developed a noninvasive and nonradioactive imaging modality, dMRI. First, we determined that the Treg/CD4 + Tem ratio <<1, in target organs, lymphoid organs, and blood as a key parameter altered early in cGVHD pathogenesis, which is then maintained through fully established cGVHD in a preclinical model. Measurement of the Treg/CD4 + Tem ratio prospectively on HSCT recipients may identify patients at high risk for cGVHD. Additional rationale for this parameter to be measured prospectively is that it may be a biomarker of ongoing disease (41) and/or could potentially be used as a marker of response to therapy. The ratio we identify here underscores that subsets of non-Tregs, which are often treated as a single cell population and referred to as T conventional (TCON) cells (12, 13, (42) (43) (44) (42, 45) , which are widely reported on HSCT and other fields, as we did not find these to be consistently altered across relevant disease sites -lymphoid, target, and circulation -nor are they currently being used in clinical staging of GVHD in patients (31) .
To understand the biological basis for the imbalance between immune regulation and activation in cGVHD, we measured in vivo dynamic behavior of Treg and CD4 + Tem cells in target and lymphoid organs of cGVHD over the course of disease progression. Quantitative dynamic in vivo cell kinetics measurements have not been previously obtained for Tregs or subsets of non-Treg CD4 + T cells (12, (46) (47) (48) (49) . Additionally, we measured these processes in multiple anatomic compartments. Previous studies employed mathematical modeling to hypothesize in vivo cell kinetics outside of the circulation while measuring deuterium label gain and loss in circulating cells (18, 19, 21, 22, 24, 27, 30, (50) (51) (52) (53) (54) . In contrast, we obtained quantitative measurements of deuterium gain and loss in T cell subsets from lymphoid and target organs, and we found the same subset (i.e., Treg) to behave differently in the spleen compared with the liver. Bioluminescent studies in mice have demonstrated differential trafficking of T cell subsets in acute GVHD (43, 44, 48, 49) ; however, this methodology is based on enumeration of cells in organs, which we accomplished by an alternate method of direct extraction from tissues and subset phenotyping by flow cytometry. Furthermore, enumeration does not address the dynamic behavior of cells in vivo, since minimal T cell subset accumulation in a particular compartment (e.g., Treg in liver) could be due to diminished proliferation or robust proliferation followed by apoptosis. Furthermore, in vivo kinetics of Tregs have not been previously compared with those of Tem (47) (48) (49) . Other studies evaluated lymphoid organs (46) , but lymphoid manifestations of GVHD do not provide a full view of in vivo biology (55) . For instance, in our model, we show that lymphoid and target organs are different with respect to T cell number, subset proportions, and cell kinetics.
We found that impaired Treg survival in target organs, rather than compromised proliferative capacity of this subset as described by others (56, 57) , underlies the reduced Treg/Tem ratio. We show that CD4 + Tem and Treg cells undergo robust expansion in lymphoid and target tissues. Therapy for GVHD has aimed to reduce general T cell proliferation, while our findings indicate that both immunoregulatory and Downloaded from http://insight.jci.org on December 11, 2017. https://doi.org/10.1172/jci.insight.92851 pathogenic CD4 + T cell subsets expand robustly following allogeneic HSCT. Our in vivo cell kinetics measurements concur with recent studies in auto-and alloimmunity that suggest Treg apoptosis may play a central role in regulating the size of the Treg niche (58, 59) , especially in dysregulated immunity. However, we explored the dynamic behavior of Tregs in vivo through a methodological approach not previously applied to this subset. Our findings indicate that therapies for cGVHD should target Tem expansion, avoid harming Treg proliferation, and promote Treg survival. There have been several promising examples of the latter approach for acute GVHD and cGVHD, where Treg survival was improved either through manipulation of the cytokine milieu, for example low-dose IL-2 therapy (12, 13), or through affecting inherent changes in Tregs (60) . To explore the mechanism/s for Treg apoptosis in cGVHD, our current work is focused on identifying metabolic differences between Treg, T N , and Tem cells over the course of allogeneic HSCT. Cell kinetics studies described herein have formed the framework for this research, as they identified which cell subsets should be pursued, along with their anatomic location, their deuterium enrichment, and posttransplantation timing for further investigation.
By direct lymphocyte extraction (61, 62) from tissue parenchyma, we were able to map CD4 + T cell subset distribution to the relevant targets of cGVHD, including liver, bowel, and dermal skin, with the latter two not having been previously examined in the cGVHD setting with regard to CD4 + T cell subsets. Similar to patients with cGVHD, the allogeneic recipients in our model were lymphopenic when peripheral blood was evaluated. Likewise, low CD4 + T cell numbers were found in the thymus, lymph nodes, and spleen; however, these animals had a greatly increased number of CD4 + T cells in the target organs, particularly of the Tem phenotype. As shown in our in vivo deuterated water labeling experiments, the DNA of these rapidly proliferating CD4 + Tem cells becomes highly enriched with deuterium when deuterated water labeling is performed following HSCT. Combining the high deuterium enrichment and the contrasting distribution of Tem to cGVHD target organs in allogeneic versus syngeneic HSCT recipient animals, we hypothesized that cGVHD target organs could be visualized in vivo by MRI (63, 64) . The feasibility of dMRI was described 3 decades ago, but dMRI has not been used in clinical or research settings due to lack of utility. However, we hypothesized that dMRI could be used to detect rapidly proliferating cells in vivo following brief in vivo deuterated water labeling, due to preferential incorporation of deuterium from body water by rapidly proliferating cells through the de novo nucleoside synthesis pathway. By manufacturing the deuterium-proton probe, we were able to entertain this hypothesis in the cGVHD preclinical model. We show that high enrichment of deuterium within target organs does indeed allow their visualization by dMRI. As hypothesized, dMRI provided a noninvasive means by which cGVHD animals could be distinguished from syngeneic counterparts. At day +14, when allogeneic recipient mice are asymptomatic and have the same clinical scores as syngeneic controls (Supplemental Figure 1A) , dMRI allowed noninvasive detection of cGVHD in target organs and also facilitated noninvasive in vivo diagnosis of cGVHD at day +28 with MRI images that were distinct between cGVHD-affected animals and syngeneic counterparts. In addition to DNA, other cellular components, i.e., lipids, proteins, peptides, amino acids, and metabolites, that are synthesized during the labeling period also incorporate deuterium, which may contribute to the high deuterium signal detected in target organs of cGVHD by dMRI. Nonetheless, dMRI allows nonradioactive and noninvasive imaging of cGVHD in the mouse model. Currently, no imaging modalities are diagnostic for cGVHD in patients. Hence, in vivo deuterium labeling followed by dMRI could serve as an early diagnostic tool for cGVHD, providing a body-wide assessment of disease involvement.
Given that deuterium enrichment is tied to cell proliferation, we demonstrate the first, to our knowledge, of many potential translational applications for this in vivo labeling-imaging approach. dMRI could allow noninvasive and nonradioactive imaging of many proliferating cell types, including neoplastic cells. As such, we have been able to image mouse tumor cells labeled with deuterium in vitro, and in vivo studies are planned. dMRI could provide an alternative or a complementary approach to current imaging modalities for cancer diagnosis and relapse surveillance, such as CT and/or PET, both of which involve radioactivity. In addition, it is possible that dMRI could be used for in vivo visualization of immunotherapeutic products shortly following infusion (e.g., chimeric antigen receptor T cells [CAR T cells], tumor higher in allogeneic recipients compared with syngeneic, while the unaffected tissue (muscle) nDS did not differ between cohorts, shown in F. For E and F, data are representative of 1 experiment (n = 3 per cohort). (G) nDS in the liver at day +28 was significantly higher in allogeneic recipients compared with syngeneic, while the muscle nDS did not differ between cohorts, shown in H. For G and H, data representative of 2 independent experiments (n = 4 and 3 for allo and syn, respectively). For panels E-H, *P < 0.05, ***P < 0.001; 2-sample, 2-tailed, unequal variance t test.
infiltrating lymphocytes [TILs] , and other adoptive immunotherapies), if such products undergo labeling during manufacture or expansion in culture prior to infusion into a patient.
In summary, the use of deuterated water labeling for dynamic measurement of in vivo cell kinetics and the imaging of such cells in vivo via dMRI should illuminate disease-specific pathophysiology and facilitate diagnosis of conditions characterized by rapidly dividing cells.
Methods
Mice
Three experimental cohorts were used: normal unmanipulated mice, recipients of syngeneic HSCT, and recipients of allogeneic HSCT. Female BALB/cAnNCr (H-2d) at 12-13 weeks of age served as recipients/hosts. For syngeneic transplantation, age-matched female BALB/c mice served as donors. In a subset of experiments, thymectomized BALB/c mice served as recipients, and for these, thymectomized animals were purchased. For allogeneic transplantation, age-matched female B10.D2-Hc1 H2-T18C/nSnJ (H-2d) mice served as donors. Congenic experiments were conducted using Thy1.1 B10.D2 and Thy1.1 Cg-FoxP3-GFP B10.D2 mice. BALB/c mice were purchased from Charles River Laboratories. B10.D2 mice were purchased from The Jackson Laboratory. Congenic mice were bred at the NCI Frederick, MD breeding and holding facility.
BM and splenocyte transplantation
Recipient female mice were reconstituted with 15 million unfractionated splenocytes and 8 million BM cells injected via tail vein on day 0, after 850 cGy total body irraditation (TBI) conditioning on day -1, delivered in 2 divided doses 3 hours apart. Gentamicin was added to injection buffer (100 μg/ml). No additional antibiotics were administered following transplantation. Congenic experiments were conducted using an allogeneic graft composed of Thy1.1 Ly 9.2 spleen cells and Thy 1.2 Ly 9.2 T cell-depleted marrow transplanted into Thy1.2 Ly 9.1 hosts. Mice received regular drinking water and food until 2 H 2 O water labeling commenced. cGVHD scoring was performed twice weekly using previously described clinical scoring systems (34, 36) . Animals were weighed weekly and on the day of euthanasia for experiments involving dermal and peripheral blood flow cytometry.
H O (deuterated water) labeling
Deuterated water labeling was performed according to previously published protocol (38) . Briefly, deuterated water was provided in drinking water after an initial i.v. bolus for specified labeling periods, during which newly synthesized cells incorporate deuterium into DNA bp. Incorporation of the label occurs through the de novo synthesis of nucleosides. Sequential labeling and pulse-chase experiments allow quantitative measurements of cell gain and cell loss, respectively, from an organ or tissue that the cells are extracted from. For cell gain kinetics, the fraction of newly synthesized cells during each 7-day labeling period was calculated by dividing dA (M+1) for the population of interest by dA (M+1) for a reference fully turned-over population (unfractionated BM). Unfractionated BM was collected for each experimental cohort as a pooled sample at each time point. Delabeling kinetics were obtained by measuring day +14 dA (M+1) with a preceding 7-day labeling period. Thereafter, label administration ceased and mice received regular drinking water. Measurements for dA (M+1) were obtained at day +21, +28, and +35 for spleen delabeling experiments and day +21 and +28 for liver delabeling experiments. The enrichment values were then plotted over time. Formulas for delabeling curves were obtained in Microsoft Excel for Mac 2011 with linear, logarithmic, or polynomial fitting.
Urine sample collection
For each mouse that underwent dMRI, ~50 μl of urine was collected prior to imaging. Urine collection was facilitated by placing the mouse on a strip of parafilm, then gently massaging the bilateral flanks. Upon spontaneous passage of urine onto parafilm, the urine was transferred into 1.5-ml Eppendorf with a transfer pipette. The urine samples were stored at -20°C until TBW deuterium enrichment analysis on gas chromatography-tandem mass spectrometry (GC-MS/MS) was performed.
Organ collection and preparation
Integument. The harvesting of lymphocytes from flank sections was performed according to previously published methodology (61) . Briefly, dorsal skin was harvested and s.c. adipose tissue was removed. Sections (1 cm   2 ) underwent enzymatic digest in Liberase TL (Roche Diagnostics) for 2 hours at 37°C and 5% CO 2 . Digested skin sections were then loaded into medicon cartridges and mechanically ground on the Medimachine System (Becton Dickinson). While lymphocytes were extracted from 1-cm 2 sections from each mouse, total body surface area (BSA) was calculated for each mouse based on weight (BSA = k mass 0.667, where k is the Meeh constant empirically determined for each species) (65), allowing whole skin lymphocyte content to be estimated.
Liver. Circulating nonparenchymal blood was flushed out of the liver prior to organ harvest by intracardiac injection of 20 ml PBS with outflow through the cut portal vein. Gallbladder was removed prior to processing. Tissue was mechanically disrupted and sequentially filtered through 100 μm, 70 μm, and finally 40 μm filters (Thermo Fisher Scientific). Ammonium-chloride-potassium buffer lysis was used prior to resuspending cells for counting.
Small intestine. The small intestines were harvested and processed per previously described protocol (62) . Briefly, the small intestine was cut proximally at the pyloric junction, then drawn out of the peritoneal cavity. Adipose tissue was manually removed. Another cut was made at the cecal junction, and the small intestine was then removed from the carcass. Intestinal tissue was placed into medium containing 3% FCS in RPMI (3% media) on ice. Peyer's patches were then removed and processed separately (per lymphoid organ preparative procedure). The small intestine was cut longitudinally, and fecal matter was manually removed. Residual fecal material was rinsed off with 3% media, followed by a rinse in HBSS. The tissue was then cut into 1-cm sections and placed into solution containing 0.145 mg/ml DTT in 3% media and incubated for 20 minutes at 37°C with continuous mixing (magnetic stirrer mixing at ~800 RPM). Following incubation, the contents were filtered through a stainless steel strainer. The suspension containing the intraepithelial lymphocytes (IEL) was placed on ice. The remaining tissue (on the strainer) was transferred into 0.5 M EDTA solution that was then vigorously shaken. Following this step, the solution was passed over the strainer, and the liquid portion was combined with the rest of IEL (subsequent preparation steps are described below).
Isolation of LP lymphocytes. The remaining intestinal sections were placed into solution containing 0.1 mg/ml Liberase TL (Roche Diagnostics) and 0.1 mg/mL DNase I (Sigma-Aldrich) and were finely minced. The mixture was then incubated for 30 minutes at 37 ° C with continuous stirring at ~800 RPM. The solution was placed on ice, and 0.1 mg/ml DNase was added. The contents were then passed over a 70-μm filter. The remnant intestinal pieces were crushed on the filter and rinsed with 0.1 mg/ml DNase solution. The solution was then spun for 5 minutes at 4°C and 360 g. The cell pellet was resuspended in 3% media and filtered over 40-μm filter. Spin step was repeated and the cells were resuspended in 10% FCS in RPMI media for cell counting.
Isolation of IEL. The solution containing IEL was spun for 7 minutes at 4°C and 417 g. The pellet was resuspended in 3% media and then filtered over 40-μm filter, followed by another spin step. The pellet was then resuspended in 30% Percoll solution (GE Healthcare) and spun for 20 minutes at room temperature and 545 g. The cell pellet was resuspended in 0% FCS media and spun for 7 minutes at 4°C and 417 g. The remaining cell pellet was resuspended in 10% FCS RPMI media for cell counting.
Lymphoid organs. Single-cell suspensions were obtained by mechanically disrupting lymphoid organs (thymus, spleen, and lymph nodes, including submandibular, axillary, inguinal, mesenteric, and Peyer's patches), then filtering through 70-μm filters (Thermo Fisher Scientific). ACK lysis was performed on spleen samples to remove rbc prior to cell counting.
Peripheral blood. Blood was collected by orbital sinus cannulation with heparinized glass tubes and placed on ice. Total volume of the sample was recorded. Samples were then spun for 5 minutes at 4°C and 5,320 g. Serum was removed, and the samples underwent 2 ACK lysis steps. Cells were then resuspended in media for counting. Total blood volume for each mouse based on 7% body weight was used to estimate total lymphocytes present in entire blood volume for each mouse by extrapolating lymphocyte numbers obtained from experimental samples of known collection volume.
Staining for flow cytometry and fluorescence-activated cell sorting Cells were counted using Nexcelom Cellometer Auto T4 (Invitrogen) and Trypan Blue 0.4% (Lonza). One million to 2 million cells were aliquoted for flow cytometry staining. For sorting, samples from multiple mice were pooled for each cohort (normal mice, syngeneic recipients, and allogeneic recipients). Surface antibody staining was performed on single-cell suspensions. The following antibodies were purchased from eBioscience, BD Biosciences, BioLegend, or Invitrogen: anti-active caspase-3 (BD Biosciences, 559341), anti-mouse CD4 (eBioscience, GK1.5), anti-mouse CD8α (Invitrogen, 5H10, 53-6.7), anti-mouse CD8β (BD Biosciences), anti-mouse CD16/CD32 Fc block (BD Biosciences, 2.4G2), anti-mouse CD25 (eBioscience, PC61.5), anti-mouse CD69 (BioLegend, H1.2F3), anti-mouse/human CD44 (BioLegend, IM7), anti-CD90.2 (BD Biosciences, Thy1.2, 53-2.1), anti-mouse CD197/CCR7 (BioLegend, 4B12), antimouse/rat Foxp3 (eBioscience, FJK-16S), anti-mouse CD229.1 (BD Bioscience, Ly9.1, 30C7), Streptavidin Pacific Blue (Invitrogen, S-11222), anti-mouse γδTCR (eBioscience, eBioGL3), anti-TCRβ (BD Biosciences, H57-597). LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen) was used to exclude dead cells. mCD1d (PBS-57) Tetramer was obtained from NIH Tetramer Core Facility for staining liver parenchyma, to allow exclusion of NKT cells from T cells for FACS and flow cytometry phenotyping. The cells were fixed with eBioscience fixation/permeabilization reagents, and then intracellular staining for Foxp3 was performed overnight at 4°C. Pooled samples for each cohort underwent FACS using BD Influx, with 95% purity. Individual mouse sample flow cytometry measurements were obtained on BD LSR II, and collected data were analyzed using FlowJo 9.7.6 Software. FACS-purified samples were collected into PBS buffer containing 2% BSA. The samples were spun for 10 minutes at 4°C and 10,060 g. Supernatant was removed, and remaining cell pellets were stored at -80°C until DNA extraction.
DNA extraction. DNA extraction from nonfixed cells was performed on the Promega Maxwell 16 system as previously described (38) . For DNA extraction from sorted fixed cells, EpiSonic 1100 Sonication System was used.
GC-MS/MS analysis
dA enrichment measurements. Quantitative determination of dA, its isotopologue (dA [M+1]) and the internal standard (dA M+5) was measured using validated GC-MS/MS methodology (38) . Briefly, DNA extracted from FACS purified T cell subsets was hydrolyzed to its bp using EpiQuick DNA Hydrolysis Kit (EpiGentek). The bp were then purified and concentrated using solid phase extraction (SPE). The SPE extracts were dried under vacuum, and MethElute (methylation reagent, Thermo Fisher Scientific) was added to the residue and mixed thoroughly. The Agilent 7890A GC, LTM series II fast GC module, 7000A triple quadrupole GC-MS, and 7693 autosampler were then used. Upon injection into the GC, the derivatized bp were separated using low thermal mass fast GC. Calibration standards of dA, dA (M+1), and the internal standard (dA M+5) were used for quantitative MS, utilizing positive chemical ionization and the MRM mode of MS detection.
TBW enrichment measurements. For measuring 2 H 2 O water levels in TBW (e.g., urine), we developed a simple and quantitative headspace GC-NCI-MS method (66) . Briefly, the method utilizes a rapid gas phase isotopic exchange of the 1 H: 2 H moiety between 2 H 2 O water in TBW and the acetone solvent used for isotopic exchange. The method requires 25 μl of TBW sample, i.e. urine; demonstrates a linear relationship from 2%-40% (v/v) 2 H 2 O in TBW; and has a total analysis time of less than 10 minutes.
Histopathology
Thymus, lymph nodes, spleen, liver, stomach, small intestine, colon, skin, lung, and BM (sternum) were extracted from mice immediately following euthanasia and placed into 4% w/v formaldehyde. Tissue cassettes were then sent to Histoserv Inc. for sectioning and H & E staining. H & E slides were evaluated for cGVHD histological grading by M.A. Eckhaus. Adobe Photoshop Elements 8.0 was used to acquire images of the H & E figures obtained via Olympus DP12 camera, visualized through an Olympus BX41 microscope (magnification as noted on each figure).
Proton and dMRI
All MRI experiments were performed on a 9.4 Tesla magnet equipped with a Bruker Advance III MRI console (Bruker-Biospin). Immediately following euthanasia, each mouse was wrapped in plastic and taped onto a plastic cradle in a flat, level position. A 5-mm diameter tube (phantom) containing 5% 2 H 2 O in ddH 2 O with 0.1% sodium azide (preservative) was placed adjacent to the mouse as a reference and calibration standard. The cradle was centered in the MRI probe described above and then placed in the magnet. Following acquisition of a set of standard locator images, a set of 3 coronal planes were prescribed covering the spleen and liver. Reference images of these regions were acquired using the multislice multiecho sequence and the following parameters: field of view, 40 × 40 mm; slice thickness, 1 mm; repetition time/echo time (TR/TE), 1,000/14 ms; and the matrix of 256 × 256. Subsequently, the same planes were imaged using the deuterium sequence with the following parameters: field of view, 40 × 40 mm; slice thickness, 3 mm; TR/TE, 398/1.6 ms; spatial matrix, 128 × 64; and spectral matrix, 512. The excitation flip angle was adjusted to meet an Ernst angle condition. All imaging data were analyzed using custom code written in Python. Following spectroscopic reconstruction, regions of interest were placed onto the reference sample, the spleen (when visible), the liver, and muscle. The average intensity and the SD of the intensity was measured and tabulated for each region on the deuterium and reference images. Anatomical regions were normalized using the reference (5% 2 H 2 O phantom) intensity to compensate for experimental variation.
H-
2 H, proton-deuterium, coil for MRI
The schematic for the components of the proton-deuterium coil is provided in Supplemental Figure 7 .
Statistics
Data for experimental cohorts were graphed with Prism 6.0 (GraphPad Software Inc.) or Microsoft Excel for Mac 2011. Error bars on bar graphs represented ± SEM. For monovariate data Microsoft Excel for Mac 2011 was used, and 2-sample, 2-tailed, unequal variance t tests were performed. When applicable, a 2-way ANOVA analysis of variance was performed to determine interaction effect, followed by post hoc Tukey Kramer HSD pairwise analysis. Minitab 16.2.4 was used to perform a portion of analyses. *P < 0.05, **P < 0.01, and ***P < 0.001.
Study Approval
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